In recent years, the cost of drug development has increased the demands on efficiency in the selection of suitable drug candidates; surrogate endpoints have emerged to improve this process, hoping that they can help reducing duration and cost of clinical trials. They can, additionally, help solving ethical issues when measuring the clinical endpoint involves the application of risky or uncomfortable medical procedures. However, the very mention of surrogate endpoints has always been controversial, owing in part to unfortunate historical events. As a consequence, there is growing consensus on the use of validated surrogates only. Here, we discuss some of the validation strategies that have recently been proposed and consider the future of surrogate endpoints in clinical research.
Surrogate Endpoints: Motivations and Antecedents
The rising costs of drug development and the challenges of new and re-emerging diseases are putting considerable demands on efficiency in the drug candidates selection process. A very important factor influencing duration and complexity of this process is the choice of endpoint used to assess drug efficacy. Often, the most sensitive and relevant clinical endpoint might be difficult to use in a trial. This happens if measurement of the clinical endpoint (1) is costly (e.g., to diagnose -cachexia‖, a condition associated with malnutrition and involving loss of muscle and fat tissue, expensive equipment measuring content of nitrogen, potassium and water in patient's body is required); (2) is difficult (e.g., involving compound measures such as encountered in quality-of-life or pain assessment); (3) requires a long follow-up time (e.g., survival in early stage cancers); or (4) requires a large sample size because of low event incidence (e.g., short-term mortality in patients with suspected acute myocardial infarction).
An effective strategy is then proper selection and application of biomarkers for efficacy, replacing the clinical endpoint by a biomarker that is measured more cheaply, more conveniently, more frequently, or earlier. From a regulatory perspective, a biomarker is considered acceptable for efficacy determination only after its establishment as a valid indicator of clinical benefit, i.e., after its validation as a surrogate marker [1] .
These considerations naturally lead to the need of proper definitions. An important step came from the Biomarker Definitions Working Group [2] , their definitions nowadays widely accepted and adopted. A clinical endpoint is considered the most credible indicator of drug response and defined -a characteristic or variable that reflects how a patient feels, functions, or survives." During clinical trials, endpoints should be used, unless a biomarker is available that has risen to the status of surrogate endpoint. A biomarker is defined as a characteristic that can be objectively measured as an indicator of healthy or pathological biological processes, or pharmacological responses to therapeutic intervention. A surrogate endpoint is a biomarker, intended for substituting a clinical endpoint. A surrogate endpoint is expected to predict clinical benefit, harm, or lack of these.
Surrogate endpoints have been used in medical research for a long time [3, 4] . Owing to unfortunate historical events and in spite of potential advantages, their use has been surrounded by controversy.
The best known case is the approval by the Food and Drug Administration (FDA) of three antiarrhythmic drugs: encainide, flecainide, and moricizine. The drugs were approved because of their capacity to effectively suppress arrhythmias. It was believed that, because arrhythmia is associated with an almost fourfold increase in the rate of cardiac-complication-related death, the drugs would reduce the death rate. However, a post-marketing trial showed that the active-treatment death rate was double the placebo rate. An risk was also detected for moricizine [5] . Another example came with the surge of the AIDS epidemic. The impressive early therapeutic results obtained with zidovudine, and the pressure for accelerated evaluation of new therapies, led to the use of CD4 blood count as a surrogate endpoint for time to clinical events and overall survival [6] , in spite of concern about its limitations as a surrogate marker for clinically relevant endpoints [7] .
The main reason behind failures was the incorrect perception that surrogacy simply follows from the association between a potential surrogate endpoint and the corresponding clinical endpoint, the mere existence of which is insufficient for surrogacy [4] . Even though the existence of an association between the potential surrogate and the clinical endpoint is undoubtedly a desirable property, what is required to replace the clinical endpoint by the surrogate is that the effect of the treatment on the surrogate endpoint reliably predicts the effect on the clinical endpoint. Partly owing to the lack of appropriate methodology, this condition was not checked in the early attempts and, consequently, negative opinions about the use of surrogates in the evaluation of treatment efficacy emerged [4, 8, 9 ].
Why Surrogate Endpoints are Still Being Considered
Currently, the steady advance in many medical and biological fields is dramatically increasing the number of biomarkers and hence potential surrogate endpoints. Additionally, an increasing number of new drugs have well-defined mechanisms of action at molecular level, allowing drug developers to measure the effect of these drugs on the relevant biomarkers [10] . There is also increasing public pressure for fast approval of promising drugs, which will have to be based on biomarkers rather than on long-term, costly clinical endpoints [11] . Obviously, the pressure will be especially high when a rapidly increasing incidence of the targeted disease could become a serious threat to public health or the patient's (quality of) life.
Shortening the duration of clinical trials not only can decrease the cost of the evaluation process but also limit potential problems with noncompliance and missing data, which are more likely in longer studies [1, 14] .
Surrogate endpoints can play a role in the earlier detection of safety signals that could point to toxic problems with new drugs. The duration and sample size of clinical trials aimed at evaluating the therapeutic efficacy of new drugs are often insufficient to detect rare or late adverse effects [12, 13] ; using surrogate endpoints in this context might allow one to obtain information about such effects even during the clinical testing phase.
Discoveries in medicine and biology are further creating a exciting range of possibilities for the development of potentially effective treatments. This is an achievement, but it also faces us with the challenge of coping with a large number of new promising treatments that should be rapidly evaluated. This is already clear in oncology, because the increased knowledge about the genetic mechanisms operating in cancer cells led to proposing of novel cancer therapies, such as the use of a geneticallymodified virus that selectively attacks p53-deficient cells, sparing normal cells [15] . Validated surrogate endpoints can offer an efficient route.
The role of surrogate endpoints may depend on the trial's phase. Nowadays, their use is more accepted in early phases of clinical research, such as in phase II or early phase III clinical trials. Using them to substitute for the clinical endpoint in pivotal phase III trials or to replace the clinical endpoint altogether in all clinical research past a certain point is, however, a topic of ongoing debate. It is difficult to precisely define the future role of surrogate endpoint in the various trial phases. Ultimately, the combination of medical and statistical elements, together with practical and economical considerations, will help answer this question.
While the huge potential of surrogate endpoints to accelerate and improve the quality of clinical trials is unquestioned, the above considerations indicate that only thoroughly evaluated surrogates should be used, a point taken up next.
Statistical Evaluation of Surrogate Endpoints
While the past failures have led some to conclude that surrogate endpoints should be avoided altogether, practice has shown that sometimes they are the only route to evaluate a new drug, provided their validity should be carefully evaluated, using a principled statistical framework, prior to use. Such methods have become the subject of intensive research. Like in most clinical decisions, statistical 5 arguments and clinical and biological evidence need to be juxtaposed.
The first formal framework dates back to 1989 when Prentice proposed a definition of surrogate endpoints and outlined criteria, all within a hypothesis testing paradigm [16] . Much debate ensued, for the criteria set out by Prentice are not straightforward to verify [17, 18] and are only equivalent to the definition for binary endpoints [1, 19] . Freedman supplemented Prentice's approach by introducing the proportion of treatment explained (PTE), aimed at measuring the proportion of the treatment effect mediated by the surrogate [18] . This proposal was important in that it shifted the interest in the validation of surrogate endpoints from significance testing to estimation. However, it is itself surrounded with difficulties [1] . Buyse and Molenberghs showed that PTE can be decomposed in three different quantities: a scale parameter, the relative effect, and the adjusted association. The relative effect is the ratio of the effects of treatment upon the true and the surrogate endpoint; the treatment-adjusted association is the correlation between the surrogate and the clinical endpoint after adjusting by treatment. This decomposition is reminiscent of the two dimensions of the problem: the first one relates to capability of the surrogate to predict the treatment effect on the clinical endpoint; the second one describes its capability to predict the outcome of the clinical endpoint [1, 19] .
All earlier proposals were based on data coming from a single trial and therefore lacked treatment-effect replication. Within this framework, this limitation is circumvented through implicit, unverifiable assumptions. Trying to solve this problem, Daniels and Hughes, and Buyse and colleagues shifted to a meta-analytic context, additionally allowing for trial-level replication. These authors focused on continuous responses, employed linear mixed-effects models [15, 20, 21] , and quantified the quality of a surrogate endpoint using two coefficients of determinations: clinical endpoint can be predicted using the outcome on the surrogate. One can also derive prediction equations for the true treatment effect in a new trial, based on the treatment effect of the surrogate endpoint and similar equations can also be derived to predict the outcome on the clinical endpoint using the observed outcome on the surrogate.
This meta-analytic method fully captures both dimensions of the surrogacy problem and agrees with the Biomarker Definitions Working Group's definitions. Nevertheless, an obvious question is which of these two dimensions is the most important one in practice. There is no single answer. For instance, for a trialist who only wants to use the surrogate to predict the treatment effect on the clinical endpoint, the trial dimension is the more relevant one, with the reverse holding for the treating physician who has observed a tumor response in a patient and wants to know how this can predict the survival of the said patient.
Many extensions of this meta-analytic approach have been introduced to evaluate surrogacy when the candidate surrogate and the clinical endpoint are not continuous or are of a different nature like, for instance, when both the surrogate and the clinical endpoint are binary [22] , when one of them is a timeto-event and the other one is categorical [1, 23, 24] , when both endpoints are repeatedly measured over time [25] , etc. Unfortunately, each generalization led to different surrogacy quantification, which could potentially lead to different interpretations.
Alonso and Molenberghs [26] proposed a unifying framework for the evaluation of surrogate endpoints using information theory. While the measures, coming from the framework of Buyse and colleagues, do not readily generalize to settings with non-normal and/or multivariate outcomes, the informationtheoretic approach applies to a wide variety of settings (normal, binary, categorical, and longitudinal outcomes), with the quantities previously introduced in the literature following as special cases. The scattered set of proposals made earlier thus gets a theoretical basis.
Recently, a new approach has been introduced based on causal-inference concepts [27, 28] . This method somehow returns to the original idea of Prentice and aims at studying the position of the surrogate within the causal path leading from the treatment to the clinical endpoint. Even though this 7 approach reverts to the single-trial setting and therefore strong assumptions are imperative, it can certainly be a promising research line, especially to evaluate surrogacy in initial stages when little information about the surrogate is available.
All these examples show that the development of methodological tools to evaluate surrogate endpoints is currently an active field of research and likely more methods and extensions are going to be proposed in the near future.
Expert Commentary
The initial naive enthusiasm that accompanied the first use of surrogate endpoints and the deception and skepticism that followed after the first failures are now being substituted by a more scientific and objective comprehension of their potentials and limitations. It is now clear that surrogate endpoints are a powerful tool that can play an important role in the development and evaluation of certain types of drugs. It is also clear that they need to be properly evaluated. Numerous statistical methods have been proposed in recent years to approach this validation problem and the work continues.
At the same time, regulatory agencies around the globe, have developed new policies and methods to accelerate the approval of certain types of drugs through the use of surrogate endpoints. In the United States, accelerated approval, sometimes referred to as -conditional approval‖ or subpart H, refers to an acceleration of the overall development plan by allowing submission of an application and, if approved, marketing of a drug based on the evidence obtained, for instance, using a surrogate endpoint, with further studies demonstrating that direct patient benefit is underway. In the same way, the European regulatory agency has developed a set of regulations that are converging to an accelerated approval system like in the United States, perhaps with more flexibility [1] .
Manifestly, the new scientific developments in the validation of surrogate endpoints together with the clear regulations established by leading regulatory agencies in the world will allow, in the near future, a rational and efficient use of surrogate endpoints that will increase their potential benefits, thereby minimizing, the possible risks associated with their use.  Recently, a number of statistical methods have been proposed to evaluate surrogate endpoints.
 Regulatory agencies in the United States and Europe have put in place a set of methods and mechanism that regulate and formalize the use of surrogate endpoints in clinical research.
